I. INTRODUCTION
The vitrification and crystallization of nanodroplets is a subject of great interest. 1 In the article, we examine, by Molecular Dynamics (MD) simulations, for the first time the onset of nucleation and crystal growth in supercooled nanodroplets in the presence of a strong exothermic solute.
MD simulations offer the possibility to identify and locate the critical crystal nucleus. Crystallization by simulations of small droplets of SeF 6 was first obtained by Chushak and Bartell. 2, 3 They observed that crystallization appeared spontaneously near the surface of the droplets. In a recent extensive simulation of crystallization in a binary mixture of Si and Ge, 4 the authors observed "that the nucleation does not occur exactly at the surface but instead in a subsurface region that is a few atomic layers underneath". This fact was explained as caused by a negative slope of the melting line, a rare feature in general but consistent with the melting line of H 2 O. A MD simulation of the density fluctuations in water with free surfaces 5 indicated that the ice-ordering appeared near the surface, and in a series of papers Djikaev et al. 6À8 developed a theory for the thermodynamic conditions for surface-stimulated crystallization. According to their theory, the onset of crystallization and the subsequent growth appear near 8 or at the surface, provided at least one crystal facet is only partially wettable by its own melt. Here we observe by MD surface-induced onset of crystallization and crystal growth in nanodroplets of mixtures of solvent molecules and solute molecules with a strong negative mixing enthalpy. We conclude that several factors might support surfaceinduced crystallization in water, as well as in other systems.
Many simulations of supercooled highly viscous fluids reported in the literature were performed for the KobÀAndersen binary Lennard-Jones mixture (KABLJ), 9 which is resistant against crystallization due to a large negative enthalpy of mixing. 10 An exothermic mixture not only increases the melting-point depression significantly but also suppresses the composition fluctuations necessary for a critical nucleus of the solvent molecules to appear. 10 We have determined the crystallization in nanodroplets for the original KABLJ mixture, as well as for a modified KABLJ model of a sulfuric acid aerosol. There are no qualitative differences in the onset of nucleations and crystal growth between the two systems. Below we report the results obtained for the modified KABLJ droplets.
The article is organized as follow: Section II A outlines the KABLJ model for the mixture with a large negative enthalpy of mixing, Section II B contains thermodynamic data for sulfuric acid aerosols in the upper troposphere and lower stratosphere (UTLS), and in Section II C we determine the values of the potential parameters in the model for a sulfuric acid aerosol. Section III describes the MD simulations of supercooled nanodroplets. Section IV shows the crystallization and crystal growth in the nanodroplets. In Section V we summarize the results in the context of experiments studying crystallization in droplets, including sulfuric acid aerosols. The perspective of our results for ice formation in polar stratospheric clouds is also briefly discussed.
II. KABLJ MODELS FOR SUPERCOOLED NANODROPLETS
A. LJ Mixture with Negative Mixing Enthalpy. The stability of a supercooled binary liquid mixture against crystallization of the solvent molecules depends strongly on the enthalpy of mixing, Δ mix H. 10 The KABLJ mixture is resistant against crystallization due to its large negative enthalpy of mixing. The exothermic strength of the KABLJ mixtures was in ref 10 monitored by scaling the interactions between the solute (A) particles ABSTRACT: Molecular dynamics simulations of crystallization in supercooled nanodroplets of binary Lennard-Jones mixtures with a solvent and a strong exothermic solute corresponding to a sulfuric acid aerosol demonstrate that the presence of the solute controls the nucleation. A strongly exothermic solute prefers to be surrounded at all sides by solvent molecules, and for this reason the outermost 1À2 surface layers are depleted of solute and with a diluted concentration of the solvent. The crystallization is observed to initiate a few layers beneath the surface and to result in a crystal growth that encapsulates the droplet by an "egg shell" of a crystal of solvent particles. Our findings are discussed in relation to experimental data of ice formation in polar stratospheric clouds.
Here σ Rβ is the diameter, and ε Rβ is the energy strength of the pair potential, R,β ∈ [A,B]). We use standard Lennard-Jones (LJ) potentials
for the potential energy between molecules i and j at the distance r ij (the pair potentials are truncated at r Rβ = 2.5σ Rβ ).
The strength of the exothermic mixtures, given by the enthalpy of mixing Δ mix H, depends on the relative deviation from the LB energy mixing rule. We define the following dimensionless measure of the exothermic strength in the KABLJ model
The exothermic strength Δ is larger than unity for an exothermic mixture. It increases the strength at which the solute binds to the solvent, whereby crystallization of the pure solvent by phase separation is suppressed. 10 Crystallization of the solvent in supercooled systems depends strongly on the strength of the exothermic mixture. In ref 10 the exothermic strength for a KABLJ mixture was varied from Δ = 1.32 to 2.12, corresponding to a change in Δ mix H from À3 to À8 kJ/mol, by which the mean crystallization time for the bulk system increased by a factor of roughly 200.
B. Sulfuric Acid Aerosols in UTLS. Aerosols and cloud particles in the upper troposphere and lower stratosphere play an important role in the radiative balance of the climate system, 12 influence the transport of water vapor to the stratosphere in the tropical tropopause layer through microphysical processes, 13 and provide surfaces for heterogeneous chemical reactions in the ozone layer.
14 The creation of crystals is initiated by nanometersized aerosols, which serve as seeds for the nucleation and freezing of H 2 O and nitric acid trihydrate (NAT). Some aerosols are glassy or highly viscous droplets, and generally aerosols contain sulfuric as well as nitric acid molecules. Homogeneous ice nucleation depends only indirectly on the chemical nature of the solute; it is controlled by the activity of water in the aerosol. 15 Aerosols contain water (A), sulfuric (B), nitric acid, and hydrates. 16À18 The phase diagrams for just binary mixtures with these hydrates are very complex; in the case of water and sulfuric acid, there are no less than four eutectic points between crystal hydrates H 2 SO 4 3 nH 2 O with 1 e n e 8. 19, 20 The eutectic temperature in the dilute regime between pure ice and sulfuric acid tetrahydrate is depressed to 199. 32 The melting-point temperature of H 2 SO 4 (c) is T fus = 283.5 K. 26 The fact that the melting-point temperature of H 2 SO 4 (c) approximately equals the corresponding melting-point temperature of ice means that the effective LJ energy parameters for the one-component systems of H 2 O and of H 2 SO 4 must be almost identical, ε BB ≈ ε AA , since they have the same LJ triplepoint temperature, T t , and thereby the same reduced temperature k B T t /ε. The triple-point temperature of H 2 O is 273.16 K, and the triple-point temperature and liquid density of the (truncated) LJ system is k B T/ε AA = 0.618 and Fσ 3 AA = 0.8290. 27 This gives ε AA /k B = ε BB /k B ≈ 442 K and σ AA = 0.3104 nm (the value of ε AA /k B is used to calculate ΔH mix from Δu mix ). The densities of H 2 O(l) and H 2 SO 4 (l) are 1.000 and 1.832 g/cm 3 , respectively, which gives a ratio σ BB /σ AA = 1.44. The mass ratio is m B /m A ≈ 5 in the case of sulfuric acid or its ionics. The density of H 2 SO 4 (aq) varies almost linearly with composition, 28 which means that the simple LB rule, σ AB = (σ AA þ σ BB )/2 = 1.22, gives the correct first-order description of the density dependence of H 2 SO 4 (aq).
The exothermic strength of the mixture is controlled by the value of Δ. There exist no experimental data for ΔH mix in nanosized droplets at the relevant temperature of freezing T ≈ 180À 200 K. The heat of mixing of sulfuric acid with water, ÀΔH mix -(x H 2 SO 4 ), at room temperature has a parabolic shape with a maximum at x H 2 SO 4 = 0.42 and the value ≈12 kJ/mol for x H 2 SO 4 = 0.25. 23 For small concentrations, it follows Henry's law and varies linearly with the mole fraction and the concentration. 29 The heat of mixing decreases with decreasing temperatures.
The strength of the exothermic mixture is taken to Δ = 1.5, i.e., ε AB = 1.5, ε AA which gives Δu mix /ε AA = À0.9435 at k B T/ε AA = 0.40 for x B = 0.1 in the KABLJ model for the sulfuric acid aerosol. This corresponds to the enthalpy of mixing ΔH mix ≈ À3.5 kJ/ mol at this concentration (due to the very low vapor pressure one has ΔH mix ≈ ΔU mix ). The heat of mixing for the KABLJ model varies linearly with the concentration for small values of x B . We believe the value of Δ = 1.5 is a realistic value for a sulfuric acid aerosol, but in the absence of experimental data we also simulated droplets with other values. A higher value suppresses crystallization, whereas a smaller value enhances it; however, we observed no qualitative differences either in the density distributions in the supercooled droplets before crystallization or in the location of the crystal nucleus.
The exothermic strength of the mixture, Δ, determines the ratio of the activities in the binary mixture. The absolute values of the chemical potentials and the activities of the components in the case of water with sulfuric acid can, however, not be obtained by the KABLJ model. To determine the absolute activityÀand thereby the equilibrium vapor pressure of the solvent at supercooling-one needs the correct value of the enthalpy of sublimation, ΔH sup (T), according to the ClausiusÀClapeyron equation. For a solvent of H 2 O it can only be obtained by including
The Journal of Physical Chemistry C ARTICLE hydrogen-bond interactions: At the triple-point T t one has ΔH sup (T t ) = T t [ΔS fus (T t ) þ ΔS vap (T t )], and both entropy terms depend strongly on the hydrogen bonds in solid and liquid H 2 O.
A simple supercooled LJ droplet freezes spontaneously for k B T/ε AA e 0.55, 27 but crystallization in supercooled droplets of strongly exothermic mixtures is suppressed too much lower temperatures. This is also the case for ice formation in supercooled stratospheric aerosols, for which the crystallization of H 2 O(c) takes place at temperatures T ≈ 180À200 K, 30 corresponding to a supercooled temperature in the LJ droplets in the interval k B T/ε AA ≈ [0. 40,0.45] with the values of the potential parameters given above.
III. SUPERCOOLED NANODROPLET
A. Molecular Dynamics Simulation of a Nanodroplet. The sizes of aerosols are typically in the range 10À100 nm. A small droplet of 10 nm contains of the order of 10 000 molecules which can be simulated with today's fastest computers over what corresponds to microseconds. This is sufficient to observe crystallization in supercooled, highly viscous mixtures. The system was set up in the following way: N(A) A particles and N(B) B particles (N(A) þ N(B) = 10 000) were placed in the center of a cubic box with edge length significantly longer than the diameter of the droplet. A repulsive potential at the box surfaces 31 keeps the molecules in the box by reflecting the (few) molecules in the gas phase which surround the droplet. The system's center of mass was adjusted to the center of the box. Droplets were equilibrated at constant temperature, and the droplet momentum and angular momentum were adjusted to zero during the temperature equilibration and relaxation to the equilibrium state. 32 After equilibration over typically millions of time steps (a time step is h = 0.005σ AA (m A /ε AA ) 1/2 ≈ 6.3 Â 10 À13 s), the systems contained few molecules outside the droplet, corresponding to a very low vapor pressure.
Most simulations were performed as constant-temperature MD. The algorithms and details are given in ref 32 . To locate the onset of crystallization and the growth of the critical nucleus without a substantial increase of computer time, we use a cluster routine which sorts N objects within a computer time proportional to N.
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B. Supercooled Viscous Nanodroplet. The simulations of droplets of 10 000 A and B particles show that the droplets remained in the supercooled state without any tendency to crystallize for particle fractions x B g 0.025 at k B T/ε AA = 0.40 (corresponding to the temperature T ≈ 180 K where H 2 O in a sulfuric acid aerosol freezes 30 ), even after very long time (2 Â 10 7 time steps, corresponding to 10 μs). This resistance against crystallization is due to the exothermic strength of the mixture, which results in a higher mole fraction of the solute in the interior of the droplet, suppressing the onset of crystallization. 10 A cut through the droplet is shown in Figure 1 . In Figure 2 we show the densities of solvent and solute, F A (r) and F B (r), as functions of the distance, r, from the center of mass at k B T/ε AA = 0.40 for various molecular fractions and for the exothermic strength Δ = 1.5. As is clear from the figures, there is in general an increased concentration of the solute B particles in the interior of the droplet and a depletion shell at the surface with a thickness of 1À2 molecular diameters with a diluted concentration of pure solvent.
The density profiles in Figure 2 represent a central finding of this paper: Whenever a solute particle is exothermic, it becomes energetically favorable for it to surround itself by as many solvent particles as possible. This means that the solute concentration drops to zero at a distance from the surface 1À2 molecule layers before the solvent concentration. A liquidÀgas interface is smooth with a tanh-decreasing density, 34 and inspection of the densities in Figure 2 reveals that the solvent density, F A , is part of this interface. Thus, the exothermic KABLJ droplet is covered by a thin shell of solvent particles with a tanh decreasing density. The Journal of Physical Chemistry C ARTICLE The exothermic mixtures' resistance against crystallization is caused by several factors. The increased solute concentration in the interior of the droplet enhances the freezing-point depression and requires an (exponentially) less likely molecular fluctuation, necessary for the creation of a critical crystal nucleus of pure A particles. 10 The thin and diluted surface layer of the solvent does not crystallize due to the diluted concentration and because a quasi-two-dimensional (2D) layer of solvent molecules is not inclined to crystallize. 35 In fact, crystals are known to have melted surface layer(s). 36 Ice has a liquid-like surface deep below the melting-point temperature; for a planar surface, ice has at least a liquid-like wetted layer for T g 250 K, 36 and the droplet's curvature further enhances this effect. Altogether, these factors explain why supercooled nanodroplets are so stable against crystallization. As we shall see, the same factors determine both the eventual onset of crystallization and the subsequent crystal growth in the droplets.
IV. CRYSTALLIZATION IN NANODROPLETS
The main aim of our investigation is to determine where in a supercooled nanodroplet the critical crystal nucleus of solvent molecules is created and to determine the growth of the crystal. In computer simulations of nucleation and phase separation one identifies the critical nucleus as a cluster of particles in the new phase that can either return to the metastable phase or grow further with equal probability. 37 MD offers the possibility not only to identify this state but also to determine the kinetics 38 and the growth of the new phase. 39 For this purpose we need a local so-called order parameter, which changes at the onset of crystallization. The solvent in the KABLJ mixture freezes into a closepacked crystal structure (fcc or hcp), 10 and as an order parameter we use the number of A particles that have 12 nearest A particles within one closed-packed lattice distance (1.25σ AA ) from them (such A particles are designated A12).
Before onset of crystallization, the A12 particles are randomly distributed within the uniform mixture in the interior of the droplet. At the onset of nucleation the number of A12 particles increases rapidly and monotonically, and the A12 particles tend to form clusters (defined by requiring that at least two A12 particles in a cluster are within one lattice distance from each other). The critical crystal is far from the compact spherical-like object usually assumed in classical nucleation theory. Rather, it is a quasi-two-dimensional thin crystal which grows in a shell just below the interior-interface zone, as one might expect from the fact that the concentration of B particles near the surface is low (Figure 2 ). In Figure 3 we show the critical crystal of A12 particles at the onset of crystallization, while Figure 4 shows the droplet after 5 Â 10 6 time steps (≈3 μs) after the onset. There are several ways to demonstrate the "shell-growth" mechanism. Figure 5 shows (red line) the number of A12 particles in the largest A12-cluster as a function of time. The location of the largest crystal nucleus before, at, and after the onset of crystallization is determined from the positions of the A12 particles in the cluster. Before the onset of crystallization there is an ensemble of isolated A12 particles and small clusters of them up to sizes with 10. They appear well inside the droplet, typically at distance 5À10 σ AA from the center of mass of the droplet. The small A12-clusters are not stable, and for this reason the location of the largest A12-cluster fluctuates with time. At the onset of crystallization, one of these clusters begins to grow rapidly. Figure 5 shows a representative example. The distance of the critical crystal nucleus of connected A12 particles to the center of the droplet is approximately ten molecular diameters.
The crystal nucleus contains more A particles than the connected A12 particles, namely, all the A particles that are not A12 Figure 3 where the crystal nucleus contains 1340 particles.
The Journal of Physical Chemistry C ARTICLE particles but bounded to one of the A12 particles in the A12-cluster. In a test calculation, we have included these molecules in the crystal cluster. Including these A particles located at the surface of the crystal nucleus, however, only changes the variance, not the mean distance <r>. This is due to to the shell-like structure of the crystal with the center of the shell <r> one to two layers beneath the surface (see Tabel 1 ) and with an approximately equal amount of A particles attached to the crystal shell at the outer and inner surface of the shell. The onset of crystallization in the example shown in Figure 5 took place after 1.43 Â 10 6 time steps, where the number of connected A12 particles increased dramatically from ≈5À10 to ≈70 over a few thousand time steps. Thereafter, the crystal nucleus grew monotonically. The mean distance (green line) and variance (blue line) remained remarkably constant over the period of time in which the critical nucleus grew to ≈1000 connected A12 particles (red line). The thickness of the crystal shell of A12 particles and their 12 nearest neighbors is of the order 3À4 layers.
The onset of crystallization in droplets of 10 000 particles was determined for the following solute mole fractions: x B = 0.01, 0.015, 0.02, and 0.0225, for k B T/ε AA = 0.40 (corresponding to 180 K for an sulfuric acid aerosol) and Δ = 1.5 (Δ mix H = À3.5 kJ/mol). Data for the mean locations of the critical nuclei and mean crystallization times are given in Table 1 .
The mean crystallization time, τ, increases exponentially with the molecular fraction of the solute and thus with the strength of the exothermic mixture. This is consistent with the theory for crystallization in exothermic mixtures. 10 Independent of where and how the crystal of the solvent nucleates, this behavior implies that the concentration of the exothermic solute controls the onset of crystallization consistent with experimental data for crystallization in aerosols. 15 From the table it can be seen that as the solute concentration increases the location of the critical nucleus moves toward the interior interface at a distance r ≈ 12σ AA from the center of the droplet (see Figure 2) .
A priori, one might guess that with a thin surface wetted with the solvent the nucleation should start there. We never observed this, however, nor that nucleation began in the deep interior of the droplet. It always appeared 2À4 layers beneath the surface. The solvent particles in the (diluted) interface of the droplet have a high mobility (Figure 6 ), but the mobility (before onset of crystallization) is much less in the bulk mixture where the solvent particles are attached to the heavy and big solute B particles. There is, however, a significant difference in mobility between the diffusion in the zone where the crystallization initiates and the diffusion deep inside in the droplet. Figure 6 shows the rootmean-square (rms) displacement of the solvent A particles as a function of time. The diffusion in the zone where the onset of crystallization appears (green dashes) is twice of what it is in the interior of the droplet (blue dashes).
The vapor pressure of the solvent was determined before onset of crystallization in the supercooled nanodroplets as well as for a frozen droplet. The vapor pressure decreased roughly 40% upon crystallization, in qualitative agreement with experimental observations of the change in vapor pressure at ice formation caused by aerosols in the stratosphere. 40 This implies that the Green dashes are the corresponding mean-square displacement for the A particles, which were in a shell with a distance to the center in the interval, r ∈ [8, 12] , where the crystal nucleation appears. Blue dashes are the mean-square displacement for particles originally in the inner sphere with r e 8. Figure 5 . Number of A12 particles in the biggest A12-cluster, N(t) (red line). The green line shows the mean distance (<r(t) >) of these A12 particles from the center of the droplet and the variance of r(t) (blue) as functions of time. (A time step is 6.4Â 10 À13 s. Notice the logarithmic ordinate plot by which all three functions can be plotted in one figure) . The onset of crystallization appears after 1.43 Â 10 6 time steps, where N(t) increases dramatically. The crystal shell grows at a distance <r(t)> ≈ 10 molecular distances from the center of the droplet. The rather constant and small variance (≈ 2 diameters) of r(t) demonstrates the shell-like growth.
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Finally, we checked that the observed behavior does not depend on whether simulations are performed at constant temperature or at constant energy (i.e., with or without a thermostat). The vapor pressure is almost zero at the relevant degree of supercooling, implying that the temperature equilibration of a freezing supercooled nanodroplet must be slow. This implies that the (fast) crystallization of the droplet must take place at constant energy with the release of the latent heat at crystallization and an increase of the temperature in the droplet. For this reason we repeated some of the simulations but switched off the thermostat at the onset of crystallization. The result was that the temperature increased slowly during the crystallization, but with no qualitative differences in the shell-growth mechanism.
V. SUMMARY
The aim of the above MD investigations has been to determine the role of a strong exothermic solute on the onset and crystal growth in a supercooled droplet. All previous computer simulations 2À5 of crystallization in systems with a free surface show that the onset of crystallization appears near the surface. The models studied include molecules with water-like tetrahedral 4, 5 and octahedral 2, 3 structure. The mixture with tetrahedral structure with strong hydrogen binding-like attractions 4 resulted in an onset of crystallization, neither exactly at the surface nor in the interior of the system, in agreement with our observations. The KABLJ model for a supercooled mixture shows that the exothermic effect forces the onset of crystallization to take place not exactly at the surface but a few molecular layers beneath. In summary: simulations of quite different models all show the same qualitative behavior.
The tendency that the critical crystal nucleus appears a few molecular layers from the surface where the density equals the bulk density might be caused by the increased mobility of the molecules near the surface, 41 including diffusion of H 2 O in water droplets. 42 If so, it is the general phenomenon for crystallization of supercooled systems with a free surface, including crystallization of molecules with hydrogen bonds. In a highly viscous supercooled fluid, the flux of particles into the (critical) nucleus decreases exponentially with temperature and becomes an important factor for the rate of nucleation and growth. 10 In the case of the KABLJ exothermic mixture, the mobility in the zone where the crystallization initiates is twice as big as in the interior of the droplet (see Figure 6) . A slow diffusion suppresses the necessary concentration fluctuations, 10 and this exothermic effect on the mobility forces the crystallization in the KABLJ droplets to take place a few molecular layers beneath the surface.
Perspective for Ice Nucleation in Aerosols. The present model for sulfuric acid aerosols is a simplification of an aerosol where the strong exothermic property of the mixture is maintained. We demonstrated above, in accordance with available experimental data for crystallization in aerosols, 15 that the main qualitative property which determines crystallization in the droplets is the concentration of the solute, which determines the activity of solvent molecules. Our simulation data agree well with experimental data for crystallization of ice in aerosols. Thus, crystallization is only observed for small concentrations of the solute (sulfuric acid) and at supercooling corresponding to ≈180À190 K in agreement with data for ice formation in sulfuric acid aerosols. 30 The strong exothermic mixing is caused by rearranging of hydrogen bonds between the water molecules and water molecules attached to the sulfuric acid molecules. The actual (atomic) structure within the aerosol of water and the sulfuric ions is, however, only of indirect importance. The onset of crystallization is controlled by the activity of water within the aerosol which determines the thermodynamic condition for ice crystallization, but it requires a detailed model if one aims for quantitative accuracy; such modeling should include the expansion of the solvent by freezing.
A small supercooled aerosol with a concentration of sulfuric acid of more than 2À3% is stable according to experiment 43 and to our calculations. At decreasing temperatures it swells by absorbing H 2 O(g) from the air, sooner or later it crystallizes near the surface, and the interior of the droplet will be covered with a shell of ice. Missing from the model is the expansion of water by freezing. This unique quality of water results in a droplet with a fragile ice shell; if broken and removed, the inner highly concentrated droplet can act again as a template for further absorption of H 2 O(g) and thus catalyze continuous formation of ice crystals in the atmosphere. Ejected ice fragments would grow rapidly to bigger ice crystals and thereby bring the water vapor into equilibrium with ice, resulting in a mixture of ice crystals and liquid supercooled sulfate aerosols. Upon subsequent heating the ice crystals would evaporate, leaving behind the liquid aerosols. This resembles what has been observed in the upper troposphere and lower stratosphere (UTLS) during fast changing temperature conditions. 16 If the temperature changes more slowly, heterogeneous nucleation involving solid impurities 44, 45 or organic material 45, 46 in the aerosol also plays an important role for solid particle formation in the UTLS. 
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